We report spectral phase characterization and optical arbitrary waveform generation of on-chip microresonator combs. Random relative frequency shifts due to uncorrelated variations of frequency dependent phase are at or below the 100 µHz level. Recently, on-chip comb generation methods based on nonlinear optical modulation in ultrahigh quality factor (Q) monolithic microresonators have been demonstrated, where two pump photons are transformed into two sideband photons in a four wave mixing (FWM) process mediated by the Kerr nonlinearity [1] [2] [3] . Experiments investigating the time domain characteristics of waveforms produced by Kerr combs are at best very limited. One recent study presented autocorrelation data suggesting that different waveforms are produced every time the Kerr comb is turned on [3] . Knowledge of the phase relationship between the various spectral lines is important both from a fundamental perspective and to allow manipulation of the time domain behavior, e.g., through programmable optical pulse shaping [4] . Termed as optical arbitrary waveform generation, pulse shaping at the individual line level offers significant opportunities for impact both in technology (e.g., telecommunications, lidar) and ultrafast optical science (e.g., coherent control and spectroscopy). Here for the first time we demonstrate spectral phase characterization of a Kerr comb generated from a microresonator, application of pulse shaping for line-by-line phase correction resulting in a 595 GHz train of near-bandwidth-limited, ≈ 300 fs pulses, as well as a first example of optical arbitrary waveform generation from such a source. An important feature of our approach is that transform-limited pulses may in principle be realized for any spectral phase signature arising in the comb generation process. Furthermore, the ability to achieve successful pulse compression provides new information on the stability of the frequency dependent phase of Kerr combs. Our results suggest that random relative frequency shifts due to uncorrelated variations of frequency dependent phase are at or below the 100 µHz level.
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We fabricated silicon nitride ring resonators (40 µm radius, 2 µm width and 430 nm thick) for the frequency comb generation. Fig. 1(a) shows the microscope image of one of the fabricated microring resonators with coupling waveguide (1 µm width, 430 nm thick and 700 nm ring-waveguide gap). For robust and low-loss coupling of light into and out of the devices, we have developed a process for fiber pigtailing the chip, as shown in Fig. 1 (b) . Single mode optical fibers are placed in the V-grooves and aligned with the waveguides, with coupling losses per facet of ≈ 6.4 dB and ≈ 3 dB achieved for bare fibers and lensed fibers, respectively. For simplicity, we use bare fibers as pigtails. The fiber pigtailing eliminates the time consuming task of free space coupling and significantly enhances the transportability of these devices.
Spectroscopy of the resonator's optical modes is performed with a swept-wavelength tunable diode laser with time-averaged linewidth of less than 5 MHz. Figure 1(c) shows the transmission spectrum of the transverse magnetic (TM) modes, which have their electric field vectors predominantly normal to the plane of the resonator. Two orders of modes are observed, where one yields deep resonances with high Qs, and the other produces more shallow resonances with lower Qs. Fig. 1 (d) shows a zoomed in spectrum for a mode at ≈ 1556.43 nm with a line width of 1.2 pm, corresponding to an optical Q of 1.3x10 6 . Considering the resonance transmission contrast of the mode (∆T=0.9), the intrinsic Q is estimated to be 2.0x10
6 . The average free spectral range for the series of high-Q modes is measured to be ≈ 4.7 nm.
A frequency comb is generated by launching strong CW pumping light (we estimate 27.5 dBm into the waveguide) to a mode at around 1543 nm. The generated frequency comb is launched to a line-by-line pulse shaper, which both assists in spectral phase characterization and enables pulse compression and shaping [4] . Spectral phase measurement is performed by adjusting the phase, one line at a time, to optimize a second harmonic generation signal; this simultaneously accomplishes phase compensation and pulse compression [5] . Fig. 2 shows the spectrum after equalization by the pulse shaper, the applied spectral phase, and the corresponding autocorrelation traces. The
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OSA/ CLEO 2011 PDPA7.pdf transformation of the signal from nearly unmodulated in time (before phase correction) to pulse-like is dramatic. The experimental autocorrelation is in good agreement with that calculated assuming flat spectral phase, with FWHM autocorrelation widths equal to 460 fs and 427 fs, respectively. The duration of the intensity profile, again calculated assuming flat spectral phase, is 312 fs FWHM. As a preliminary example of arbitrary waveform generation with the generated frequency comb, we program the pulse shaper to apply a π -step function to the spectrum of the compressed pulse in Fig. 2(b)-(c) . Fig. 2(d) shows the results. The π step occurs at pixel number 64 (corresponding to 1550 nm in wavelength). Application of a π phase step onto half of the spectrum is known to split an original pulse into an electric field waveform that is antisymmetric in time, sometimes termed an odd pulse. This corresponds to a doubly peaked intensity waveform with triply peaked intensity autocorrelation. The resulting triplet is clearly visible as shown in Fig. 2(d) and is in good agreement with the autocorrelation that is computed based on the spectrum shown in Fig. 2(a) and a spectral phase function that is flat except for a π step centered at 1550 nm. This result constitutes a clear example of line-by-line pulse shaping.
The ability to perform such pulse compression and shaping provides clear evidence of phase coherence across the comb spectrum. In Fig. 2(e) we show compressed pulse autocorrelation measurements taken at three times over a one hour time interval. Here the spectral phase profile applied by the pulse shaper is the same for all measurements. Clearly the compression results remain similar over the time period, which means that the relative phases of the comb lines must remain approximately fixed; uncorrelated variation in relative spectral phase must conservatively remain substantially below π. Generally phase and frequency are related through the expression ∆f= ∆φ/(2π∆t). Taking phase variations ∆φ < 0.7π and observation time ∆t = 3600 s, we estimate that random relative frequency shifts ∆f due to uncorrelated variations of frequency dependent phase are of the order 10 -4 Hz or below. In summary, we have demonstrated line-by-line optical pulse shaping on the Kerr comb. The ability to controllably compress and reshape combs generated through nonlinear wave mixing in microresonators provides new evidence of phase coherence across the comb spectrum. Furthermore, in future investigations the ability to extract the phase of individual lines may furnish clues into the physics of the comb generation process. Fig. 2(b) , but with additional π phase added for pixels 1-64 (wavelengths longer than 1550 nm). Red line: experimental autocorrelation; black line: autocorrelation calculated using the spectrum of Fig. 2(a) , with a π step centered at 1550 nm in the spectral phase. (e) Normalized intensity autocorrelation traces for compressed pulses, measured respectively at 0, 14, and 62 minutes after spectral phase characterization.
